Abstract Type 1 diabetes (T1D) is an autoimmune disease in which progressive loss of self-tolerance, evidenced by accumulation of auto-antibodies and auto-reactive T cells that recognize diverse self-proteins, leads to immune-mediated destruction of pancreatic beta cells and loss of insulin secretion. In this review, we discuss antigens and epitopes in T1D and the role that post-translational modifications play in circumventing tolerance mechanisms and increasing antigenic diversity. Emerging data suggest that, analogous to other autoimmune diseases such as rheumatoid arthritis and celiac disease, enzymatically modified epitopes are preferentially recognized in T1D. Modifying enzymes such as peptidyl deiminases and tissue transglutaminase are activated in response to beta cell stress, providing a mechanistic link between post-translational modification and interactions with the environment. Although studies of such responses in the at-risk population have been limited, current data suggests that breakdown in tolerance through post-translational modification represents an important checkpoint in the development of T1D.
Introduction
Type 1 diabetes (T1D) is recognized as an autoimmunemediated disease [1] . The major immunological hallmarks of T1D include association with specific susceptible HLA class II haplotypes and the development of islet cell autoantibodies [2, 3] . In all likelihood, the major contribution of susceptible HLA-DQ and HLA-DR molecules is their role in selecting a potentially autoreactive CD4+ T cell repertoire. For example, it has been demonstrated using rigorous tetramer-based assays that auto-reactive T cells are present in healthy subjects who have autoimmune-susceptible HLA haplotypes [4] . This selection of a potentially autoreactive repertoire occurs in spite of tolerance mechanisms in the thymus that normally direct naïve T cells with strongly self-reactive receptors (TCR) toward deletion or conversion to a regulatory phenotype. Although there is little direct evidence to document T cell responses at the earliest stages of T1D development, ample data from longitudinal studies of at-risk subjects (such as TEDDY) illustrate that the development of T1D is marked by a sequential accumulation of auto-antibodies [5] [6] [7] . The appearance of these high affinity antibodies implies active recognition of beta cell antigens by auto-reactive CD4+ T cells that provide help to auto-reactive B cells. Indeed, a growing body of experimental evidence from studies of pancreatic tissue samples demonstrates that auto-reactive CD4+ and CD8+ T cells infiltrate pancreatic islets, where they likely contribute to beta cell death through direct cytotoxicity and secretion of inflammatory cytokines. It has been shown that auto-reactive T cells recognize diverse self-proteins in subjects with T1D and that such auto-reactive T cells occur at higher frequencies and have a more inflammatory phenotype in subjects with T1D than in healthy subjects [8, 9] . However, fundamental questions remain about the earliest events that lead to loss of tolerance to beta cell antigens. Post-translational modification (PTM) represents one means through which the expected deletion of self-reactive T cells can be circumvented. Such modifications alter the primary sequence of self-peptides. These alterations have the potential to increase the affinity of HLA/peptide interactions or HLA/peptide-TCR interactions depending on the positioning of the affected residue in relation to other HLAanchoring residues along the peptide sequence. In this review, we discuss the diversity of antigens that are recognized in T1D and the increase in antigenic diversity through PTM. We further discuss current evidence demonstrating the recognition of modified epitopes in subjects with T1D and the mechanistic role that modifying enzymes and the epitopes that they generate may play in the initiation and amplification of autoimmunity. Finally, we address the overall implications of our current knowledge in this area and discuss key unanswered questions that are ripe for further investigation.
Antigenic and Epitope Diversity in T1D
A wealth of data affirms that diverse antigens and epitopes are relevant components of autoimmune responses in T1D. Table 1 provides a summary of various beta cell antigens that have been confirmed to be immunogenic and disease relevant by more than one independent study. At the level of islet cell antibodies (ICA), multiple antigens are recognized, and among these, multiple specificities have utility as diagnostic indicators of risk, including insulin, GAD65, IA-2, and ZNT8. ICA that recognize these diverse specificities emerge sequentially, with insulin and GAD65 autoantibodies typically appearing at early time points (in some cases, within the first year of life) and other specificities tending to appear at later times [34] . The numbers of biochemically defined ICA that are present in at-risk subjects directly mirror the probability of developing disease, in that subjects who are positive for multiple autoantibodies are more likely to develop diabetes, tend to have an earlier age of onset, evidence of aggressive beta cell destruction, and require more exogenous insulin [35] . This pattern suggests a sequential loss of tolerance to beta cell antigens, which could be the consequence either of continuous inflammation and auto-reactivity or multiple bursts of autoimmune activity that are separated by periods of quiescence. The predictive correlation between ICA and risk of progression to develop T1D suggests an important role for B cells that recognize and present beta cell antigens in T1D pathogenesis. This is indirectly confirmed by the efficacy of rituximab (anti-CD20) in delaying c-peptide loss in patients with newonset T1D and other supporting data from mouse models. However, as reviewed elsewhere, the precise mechanisms by which B cells contribute to disease are incompletely characterized in the pathogenesis of T1D [36•] .
Given the diagnostic importance of ICA and the strong genetic association between T1D and a relatively small number of HLA class II alleles, it stands to reason that CD4+ T cells play a mechanistic role in the disease. Based on the observation that detailed studies of viral immunity have demonstrated an overlap between the antigens targeted by B cells (antibodies) and CD4+ T cells [37] , many studies have investigated CD4+ T cell responses to self-proteins that are targeted by auto-antibodies. Studies utilizing samples from human subjects and the nonobese diabetic (NOD) mouse model clearly indicate that such overlap in antigenic recognition is seen in T1D (Table 1) . Early studies supported the view that selfreactive CD4+ T cells recognize a modest number of immunodominant epitopes within a limited number of "primary" target antigens [10, 17] . As a corollary, it was thought that these epitopes reflect peptide specificities for which selfreactive T cells are more easily selected and/or reactivated in the periphery; to some extent, this may be true. Strong data from the NOD mouse model implicate insulin as a primary antigen and demonstrate that responses to the Ins B9-23 
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Ab, CD4 Citrullination [33] epitope in particular are crucial for disease development [11] . However, recent studies illustrate the importance of responses to additional antigens, including islet-specific glucose 6 phosphatase catalytic subunit-related protein (IGRP), chromogranin A, and IAPP, both in the NOD model and in human diabetes [25-29, 32•] . Subsequent studies of human T cell responses affirm the relevance not only of the insulin B9-23 epitope, but also of additional insulin epitopes (most notably proinsulin 76-90) and epitopes derived from numerous other antigens. In particular, multiple studies have demonstrated CD4+ T cell reactivity toward insulin, GAD65, IA-2, IGRP, and ZNT8 [12-14, 18, 21, 23, 24] . As such, it is increasingly evident that diverse antigens and epitopes are recognized by autoreactive CD4+ T cells in T1D and that the most prevalent specificities vary for different individuals. For example, in our own work, we observed a diversity of epitopes derived from GAD65 that are naturally processed and presented in the context of HLA-DRB1*04:01 [19] . Among these, one specificity (GAD65 113-132) was consistently immunogenic in most subjects, but multiple GAD65 epitopes were required in order to visualize a response in every subject.
Although there is compelling circumstantial evidence that autoantibodies and CD4+ T cell responses play an important role in autoimmune responses in T1D, CD8+ T cells are of particular interest, as it is these cells that are most abundant in inflamed islets in pancreata with T1D [38••] . Genetic association of HLA class I genes is generally weaker than that of HLA class II; only one allele (B*3906, odds ratios=10.31) is strongly associated to the risk of developing T1D, but several other alleles have weak associations, including A*2402 (odds ratio=1.71), A*0201 (odds ratio=1.35), B*1801 (odds ratio= 2.05), and C*0501 (odds ratio=1.56) [39] . Among the susceptible HLA class I alleles, there has been considerable effort to characterize islet cell-derived epitopes restricted by HLA A*0201, mainly due to its wide prevalence in most populations and availability of effective HLA class I tetramer reagents and prediction algorithms to facilitate experimental work [40, 41] . Studies using tetramers and other epitopespecific methodologies have demonstrated the importance of CD8+ T cell responses to epitopes such as Ins B10-18, PPI15-24, GAD114-123, and, more recently, ZnT8 [15, 23, 42, 43] .
While not yet validated by T cell cloning or tetramer data, chromogranin A was also recently implicated as an antigen for auto-reactive CD8+ T cells in patients and NOD mice [29] . A recent study of beta cell-specific CD8+ T cells demonstrated that, in patients with recent-onset T1D, these cells had a surface phenotype and a limited TCR profile that suggested repeated antigen-driven expansion in vivo [44] . Studies in the NOD mouse model have demonstrated that adoptive transfer of beta cell-specific CD8+ T cells is sufficient to elicit T1D and that tetramer-based measures of the frequency of such cells can predict the onset of disease in mice [45] . Recent studies in human subjects affirm that autoreactive CD8+ T cell frequencies correlate with clinical outcome in islet celltransplanted patients [43] . Although it is probable that CD8+ T cells that recognize beta cell epitopes are responsible for beta cell destruction, the activity of these cells is likely preceded by and mobilized by autoreactive CD4+ T cells. In this scenario, CD4+ T cell responses would be of primary importance during the initiation stage of disease development, recognizing an increasing diversity of antigens and epitopes (perhaps presented by different subsets of antigen-presenting cells at different times). Their activity would then provide help to successive waves of self-reactive B cells that produce an increasing diversity of ICA and to autoreactive CD8+ T cells which secrete inflammatory cytokines and directly mediate beta cell killing.
PTM as a Means for Increasing Antigenic Diversity
Given that the risk for developing T1D increases substantially with the absolute number of antigens targeted [6, 7] , a key question becomes apparent: what are the mechanisms that lead to the initial loss of tolerance and to increasing antigenic diversity over the course of progression to develop autoimmune diabetes? PTMs are a clear means through which antigenic diversity is increased in autoimmune disease and also represent one plausible mechanism through which initial tolerance could be lost. As reviewed by Doyle and Mamula [46••] , diverse PTMs, including phosphorylation, citrullination, acetylation, carbamylation, deamidation, and oxidation, have been documented in human disease. As discussed in that informative review, PTM can contribute to autoimmune etiology at many levels. At the level of peptides, PTM leads to altered sequences that are recognized with increased affinity. At the level of proteins, PTM can alter structure and subsequent processing by antigen-presenting cells. At the level of cellular processes, PTM can alter signaling pathways, leading to modified biological function.
For T cell-mediated human autoimmune diseases, there is a growing body of data supporting a role for increased immune recognition of altered peptide sequences. In particular, two modifications have emerged that appear to have particular relevance in the etiology of autoimmunity. One clearly understood example of this phenomenon comes from celiac disease, where disease-relevant gliadin epitopes are deamidated by the enzyme tissue transglutaminase 2 (TG2). Conversion of glutamine into its negatively charged analog glutamic acid has been shown to greatly enhance peptide binding to diseaseassociated HLA DQ2 and DQ8 proteins, creating stable MHC/peptide complexes that elicit robust T cell activation [47] . Such T cells not only can provide the inflammatory signals necessary to drive further TG2 upregulation and activation leading to continued protein modification, but also cross-react with the unmodified epitope, leading to sustained immune activation even in the absence of TG2 activity [48] . The accumulated result is a greatly broadened antigenic repertoire and increased autoimmune activity.
A second type of PTM that has well documented importance is protein and peptide citrullination. In this instance, peptidyl arginine deiminase (PAD) enzymes convert positively charged arginine into the polar citrulline residue. Elimination of that positive charge at key protein residues has been shown to elicit citrulline-specific antibodies, the presence of which is highly correlated with the risk of developing rheumatoid arthritis (RA), particularly in subjects who have HLA-DRB1*04:01 haplotypes [49, 50] . A recent crystal structure indicates that citrulline residues are more flexible than arginine, allowing that amino acid side chain to bend and adopt a more favorable orientation within the HLA-DR binding cleft [51•] . In addition, conversion of arginine to citrulline modulates electrostatic interactions between the peptide and amino acid side chains within certain HLA class II binding pockets (especially binding pocket 4, which contains multiple amino acids with positively charged side chains), thereby increasing overall peptide-binding affinity [52, 53] . Peptides derived from joint-associated proteins such as vimentin, fibrinogen, and filaggrin bind disease-associated HLA molecules with high affinity only in their citrullinated forms [52, 53] . Correspondingly, citrulline-specific CD4+ T cells are found at elevated frequencies in patients with recent-onset RA [54•] . Such cells are antigen experienced and have a predominantly Th1 phenotype and are therefore likely important players in the autoimmune processes that lead to tissue destruction in the joint. Citrullination of self-proteins has further been implicated in other autoimmune disorders including multiple sclerosis and Alzheimer's disease [55] . Thus, citrullination may be common in settings of sustained inflammation and relevant in a number of autoimmune conditions. PTM of self-proteins provides a mechanism that can plausibly drive the break in tolerance and activation of autoreactive T cells. Because the activity of modifying enzymes such as PADs and TG2 is expected to be minimal in healthy tissues and during thymic selection (in comparison with inflamed tissues, in which these enzymes are upregulated and highly activated), CD4+ T cells capable of responding to modified self-epitopes would not typically encounter extensively modified self-antigens during thymic development and therefore could evade negative selection and deletion. Once a T cell encounters its cognate neo-antigen in inflamed peripheral tissue, the modified peptide is recognized as a neo-epitope and adaptive immunity is elicited accordingly. Given the established role of PTMs in human autoimmune diseases such as RA and celiac disease and shared genetic susceptibility between T1D and these diseases (including coinciding HLA class II susceptibility haplotypes), research has recently begun to address the contribution of modified beta cell antigens in the pathogenesis of T1D.
Recognition of Modified CD4+ T Epitopes in T1D
The earliest published evidence documenting a role for PTM in directly altering epitope recognition in T1D was provided by Mannering et al. in 2005 [16] . Working with proinsulinreactive T cell clones of unknown specificity, this study demonstrated that an immunogenic peptide derived from the insulin A chain contained a vicinal disulfide bond that arose from spontaneous oxidation of adjacent cysteine residues. This modification was crucial for T cell recognition as replacement of either cysteine with a serine ablated T cell responses. This study concluded that the unique three-dimensional conformation of these disulfide cross-linked residues was uniquely recognized by these auto-reactive TCR and could not be mimicked by other amino acids. Mannering et al. went on to show that T cells isolated from an autoantibody-positive at-risk subject proliferated in response to the modified peptide whereas T cells isolated from healthy individuals did not.
Building on this early discovery of a modified neo-epitope that arose due to a spontaneous PTM, subsequent research has focused on enzymatically catalyzed modifications. Recent work by Delong et al. highlighted the drastic effect that enzymatic PTM can have on immune recognition [30•] . The NOD mouse-derived BDC 2.5 CD4+ T cell clone was shown to be specific for the secretory granule protein chromogranin A; however, very high concentrations of the suspected cognate peptide (WE14) were required to activate these cells. Delong et al. went on to demonstrate that treatment of the WE14 peptide with TG2 increased T cell recognition up to 40-fold, displaying enhanced proliferation and IFN-γ production upon stimulation. This particular effect was not due to deamidation, as synthesized peptides containing glutamic acid substitutions failed to recapitulate the TG2 effect. Rather, the observed increase in immunogenicity resulted from TG2's ability to covalently cross-link peptides, mediating increased recognition through the formation of elongated peptide aggregates produced by the enzyme. While the exact mechanism is unknown, it is hypothesized that peptide aggregates may alter HLA-binding affinity or be preferentially taken up by antigenpresenting cells (APCs) and presented to autoreactive T cells. The relevance of this modification was extended to human T1D with the demonstration of enhanced recognition of TG2-treated WE14 antigen in recent-onset subjects [31] . Thus, covalent cross-linking of self-proteins provides a general mechanism for greatly broadening the number of target antigens and warrants further investigation.
As previously mentioned, TG2 also mediates a deamidation reaction where glutamine is converted to negatively charged glutamic acid, which has the potential to alter peptide interaction with HLA. It was recently demonstrated in a study by van Lummel et al. that deamidated islet peptides can be eluted from disease-associated HLA-DQ8 cis and HLA-DQ8 trans molecules and identified by mass spectrometry [56• ].
This study went on to demonstrate that T cell response rates to a particular proinsulin peptide increased dramatically in patients with recent-onset T1D when both native and deamidated versions of the peptide were utilized. Our own recently published work identified a deamidated GAD65 epitope that binds with high affinity to HLA-DRB1*04:01 [20•] . CD4+ T cells specific for this epitope were present at significantly higher frequencies in patients with T1D as compared to HLA-matched healthy controls and exhibited an antigenexperienced Th1 phenotype. Intriguingly, the unmodified version of this GAD65 peptide is also known to be antigenic [19, 33] ; however, we demonstrated that the two epitopes were found to be recognized by completely distinct populations of T cells. These examples establish a precedent that protein deamidation and peptide cross-linking by TG2 generate neoepitopes that diversify the autoreactive T cell repertoire in T1D. Our more recent work has identified multiple peptides from the N-terminal domain of IA-2 antigen that bind with high affinity to HLA-DQ8 and are preferentially (or exclusively) recognized in their deamidated form. T cells specific for these epitopes are present at significantly higher frequencies in patients with T1D as compared to HLA-matched healthy controls and exhibited an antigen-experienced phenotype.
Given the importance of citrullinated epitopes in the pathogenesis of RA and the significant overlap in genetic risk between RA and T1D, recent studies have also sought to identify citrullinated beta cell antigens and epitopes that are relevant in autoimmune diabetes. One recent compelling study by Rondas et al. [57• ] demonstrated that citrullinated glucoseregulated protein 78 (GRP78), an ER chaperone protein, is recognized as an autoantigen in the NOD model of diabetes. Splenocytes isolated from NOD mice produced IFN-γ in response to citrullinated, but not native, GRP78. In addition, NOD mice had elevated autoantibody titers against the modified protein. The PAD enzymes that mediate citrullination were found to be specifically upregulated and activated in islets of NOD mice, and inflammatory signaling in stressed beta cells was determined to induce citrullination. Given the inflammatory nature of the insulitic process in the T1D pancreas, it is likely that such events also occur in human T1D, though this remains to be proven. In addition to citrullinated GRP78, our group has also reported a GAD65-derived epitope that binds DRB1*04:01 with high affinity in both unmodified and citrullinated forms [20•] . Citrullinated GAD65-specific T cells were found at elevated frequencies in diabetic subjects and were also found to be antigen experienced. Much like the transglutaminated GAD65 epitope described above, this peptide has previously been identified as an antigen in its unmodified form [19, 58] . Yet, unlike the previous example where no cross-recognition was observed, antigen-specific T cell clones could be stained with both unmodified and citrullinated tetramer and proliferated in response to both forms of peptide. However, T cells always preferentially responded to the citrullinated epitope as evidenced by higher mean fluorescence intensity (MFI) of tetramer staining and a higher stimulation index for proliferative responses. This scenario may be analogous to the cross-reactivity that has been observed in celiac disease, in which deamidated gliadin peptides elicit T cell responses that also respond to unmodified peptides [48] . Alternatively, it is possible that CD4+ T cells are activated in response to initiating epitopes from unmodified antigens whose activity generates the inflammatory environment necessary for enzymatic modifications to occur.
Recognition of Modified CD8+ T Epitopes in T1D
While significantly less studied, there is some evidence to suggest that recognition of beta cell antigens by CD8+ T cells is also modulated by PTMs. However, the most relevant modifications that confer improved binding to HLA class I may differ from those that are most important for HLA class II. For example, Gianfrani et al. [59] demonstrated the recognition of A-gliadin 123-132 by CD8+ T cells. However, the immunogenicity of this peptide was completely abolished when the glutamate residue at position 123 of this peptide was converted to glutamic acid. In our own work, we recently demonstrated that various amino acid modifications influence peptide binding to HLA-A2 in ways that are distinct from HLA class II proteins. As summarized in Table 2 , citrullination predominantly increases peptide binding to HLA-DR proteins (especially DR0401), but this modification can also increase peptide binding to HLA-A2 albeit with a more modest increase in magnitude. Deamidation predominantly increases peptide binding to HLA-DQ proteins, but this modification can also modestly increase peptide binding to HLA-A2 and to DR0401 (at pocket 4). In contrast, phosphorylation reduces peptide binding to HLA-DR and HLA DQ proteins but increases peptide binding to HLA-A2. Utilizing this information, we assessed HLA-A2 binding (using a cell-based assay) and antigenicity (using a CD137 upregulation assay) of citrullinated, deamidated, and phosphorylated peptides derived from beta cell antigens. Through these efforts, we identified three citrullinated and one phosphorylated beta cell peptides that elicited CD137 upregulation in CD8+ T cells from HLA-A2+ subjects with T1D (Fig. 1) . These findings suggest that autoreactive CD8+ T cells recognize modified peptides in subjects with T1D and that recognition of phosphorylated peptides may be uniquely important in the context of HLA class I-mediated recognition.
Mechanistic Importance of PTM Responses
As we have described here, many excellent studies have demonstrated an important role for PTM in generating antigenic diversity in T1D. However, it is important to consider the cellular processes by which beta cell proteins become modified. Generation of beta cell neo-antigens requires activation of the PTM enzymes that mediate the modifications described above, such as TG2 and PAD. TG2 and PAD are calciumdependent enzymes that reside in the cytosol [60, 61] . To become activated, these enzymes require cytosolic calcium concentrations to be raised significantly higher than those found under conditions of normal cellular physiology. Indeed, these enzymes are most often activated under conditions of severe or prolonged cellular stress, such as endoplasmic reticulum (ER) stress [62] [63] [64] [65] [66] [67] . Therefore, the modifications of beta Fig. 1 CD8+ T cell responses to modified beta cell peptides. CD8+ T responses to modified peptides derived from IGRP, GAD65, IA-2, and ZNT8 were assessed using an overnight CD137 upregulation assay utilizing T cell lines that were expanded from the peripheral blood of HLA-A2+ T1D patients. For analysis, cells were co-stained using anti-CD4 APC (FL-4 channel) and anti-CD137 PE (FL-2 channel). The amino acid sequence of each peptide (corresponding to the label above each panel) is indicated below each graph. In these sequences, X indicates citrulline and Z indicates phosphoserine. Quadrant boundaries were defined using unstimulated cells of the corresponding cell line Table 2 Modulation of peptide  binding through amino acid  modification   HL Aal lele  Modifica tion  P1  P2  P3  P4  P5  P6  P7  P8  P9 HLA-A2
+ a significant increase in binding affinity, − a significant decrease in binding affinity, ND no difference in binding affinity, NT not tested cell proteins by TG2 or PAD would likely only occur under conditions of ER stress in beta cells. Beta cells, as professional secretory cells, are uniquely susceptible to ER stress as a result of their normal physiology [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . Secretory cells must translate and properly fold not only the proteins necessary for normal cellular maintenance, but also the proteins intended for export. For example, in response to increased blood glucose concentrations, beta cells increase the translation and folding of preproinsulin by 50-fold [78] . These dynamic increases in the demand for insulin production heavily burden the ER and cause heightened ER stress. Indeed, high levels of ER stress are observed in beta cells during post-prandial glucose-stimulated insulin synthesis [72, 73] . Therefore, normal insulin-secreting physiology alone significantly increases ER stress in beta cells. This physiological ER stress is observed in the pancreas from an early age. In transgenic ER stress reporter mice, the pancreas was the first tissue to exhibit high ER stress. This stress became evident as early as 16 days old [79] . Since TG2 and PAD become activated during ER stress, these enzymes may be more activated in beta cells than in nonsecretory cells. Once activated, these enzymes may modify beta cell proteins to generate the neoantigens described in the studies reviewed above.
In addition to the high levels of inherent ER stress, the environmental triggers proposed to be associated with T1D onset further enhance beta cell ER stress. First, viral infection disrupts the gradient of calcium across the ER membrane [80] [81] [82] increasing cytosolic calcium concentrations. Second, chemicals such as streptozotocin and alloxan cause protein ADP-ribosylation [83] and reactive oxygen species (ROS) generation [84] [85] [86] , both of which cause protein misfolding and increase cytosolic calcium [87, 88] . Third, ROS from either extracellular or intracellular sources releases calcium from the ER lumen into the cytosol [89] [90] [91] . As beta cell function decreases in T1D, dysglycemia leads to increased glucose sensing that, as discussed above, significantly increases insulin production and secretion [76] . Finally, pancreatic inflammation and cytokine production activate c-Jun Nterminal (JNK) mitogen-activated protein (MAP) kinase signaling pathways [92, 93] . Each of these mechanisms initiated by T1D environmental triggers increases beta cell ER stress. Therefore, although these environmental triggers may accelerate T1D through different mechanisms, all these factors exacerbate beta cell ER stress above the normal, physiological levels. This heightened ER stress may further activate TG2 and PAD enzymes, leading to modification of endogenous beta cell proteins and the generation of neo-antigens for the autoimmune response in T1D.
The ER stress-induced modification of beta cell proteins may also initiate a positive feedback loop. In celiac disease, the inflammatory environment established by the immune response to TG2-modified gliadin increases TG2 expression. Increased TG2 expression and activation in turn lead to the PTM of additional gliadin molecules, enhancing the immune response and inflammatory environment. Similarly, the generation of beta cell neo-antigens through PTM and the subsequent autoimmune response to these neo-antigens may exacerbate the local inflammatory environment. Local inflammation would cause higher beta cell ER stress and higher activation of TG2 and PAD. Active TG2 and PAD would modify additional beta cell proteins, generating neo-antigens to exacerbate the autoimmune response. The autoimmune cells that respond to the newly generated neo-antigens would again increase the local inflammatory environment, perpetuating the inflammatory-ER stress-PTM cycle until insufficient beta cell mass remains and T1D onset occurs.
Future Prospects and Important Unanswered Questions
Based on all that we have discussed, it is clear that increasing evidence supports the relevance and potential pathogenic role of T cell responses to PTM epitopes in T1D. A major question that remains unanswered is at what stage of the disease process T cells and autoantibodies that are specific for modified antigens appear. Conceptually, it could be argued that responses to modified self-antigens could be a very early initiating event in the loss of tolerance. In that scenario, modifying enzymes could be upregulated and activated through infection, ER stress, or other environmental factors leading to generation of modified self-proteins and autoimmune recognition. Alternatively, the earliest break in tolerance could involve unmodified primary antigens such as insulin and a first wave of autoimmune inflammation that subsequently triggers upregulation and activation of modifying TG2 and PAD enzymes that fuel further waves of autoimmune attack, epitope spreading, and disease progression. Differentiating between these two models will require longitudinal study of at-risk individuals carrying disease-associated HLA alleles. Such series of samples are difficult to obtain given the typically young age of the subjects, the low rate of disease incidence in the general population, and the volumes of blood required to detect rare antigen-specific T cells. However, efforts are currently underway to design and carry out such studies. In the meantime, we were able to perform an informative pilot study utilizing "long-term nonprogressing" subjects who are positive for one or more autoantibodies for many years. Intriguingly, when assessing the frequency of PTM-specific CD4+ T cells, these subjects represented an intermediate state between healthy antibody-negative controls and T1D subjects. Such individuals have experienced some loss of tolerance without progressing to develop diabetes or impaired glucose tolerance, implying a halting of autoimmune progression, perhaps due to effective immune regulation or the absence of a crucial environmental triggering event. Although further study of atrisk and recent-onset subjects is clearly needed, these observations raise the possibility that T cells recognizing modified self-epitopes may serve as an informative biomarker for disease progression. If this is indeed the case, interrupting the processes that lead to the upregulation of modifying enzymes and their subsequent activity could be relevant pathways for therapeutic intervention.
Conclusions
In T1D, there is clear evidence that self-tolerance is progressively lost, leading to an accumulation of autoantibodies and auto-reactive T cells that recognize increasing numbers of self-proteins. These autoreactive immune cells lead to either sustained inflammation or successive rounds of immune-mediated destruction that overcome the regulatory networks that would otherwise halt immune-mediated damage to pancreatic beta cells. In this review, we have presented a cross-section of emerging experimental evidence that underscores the important role that PTMs play in circumventing tolerance mechanisms in T1D. In this emerging paradigm, it is apparent that many different types of modification which affect multiple classes of antigens lead to preferential recognition of neo self-antigens by antibodies, CD4+ T cells, and CD8+ T cells. Although mechanistic studies of the at-risk population have been limited, current data support the contention that loss of tolerance due to PTMs represents an important checkpoint in the development of T1D. This current knowledge of the proteins, epitopes, and modifications that is relevant in T1D develops a framework for further study and provides an arsenal of effective tools for monitoring humoral and cellular responses to PTM epitopes during the development of T1D. Human and Animal Rights and Informed Consent Informed consent was obtained from all individual participants included in the study.
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